Abstract. The aim of the present study was to investigate the role of the nucleotide-binding oligomerization domain (NOd) 2 in high glucose (HG)-induced myocardial apoptosis and fibrosis in mice. Mouse models of diabetes were induced by streptozotocin (STZ). NOD2 expression was knocked down by injection of lentivirus-mediated short-hairpin RNA. Alternatively, small interfering RNA-NOd2 was transfected into cardiomyocytes and cardiac fibroblasts (CFs). A hemodynamic assay was used to assess the cardiac function in the mouse model. Hematoxylin and eosin, Masson and terminal deoxynucleotidyl transferase dUTP nick end labeling staining was performed to observe pathological changes and injury of myocardial tissue. The expression levels of NOD2, collagen I and III, and transforming growth factor-β (TGF-β) and apoptotic proteins were quantified by reverse transcription-quantitative polymerase chain reaction and western blotting. NOD2 silencing ameliorated diabetes-induced myocardial apoptosis and fibrosis in mice. NOD2, collagen I, collagen III, TGF-β and pro-apoptotic proteins were upregulated in the diabetic cardiomyopathy (dcM) model group, but interference of NOD2 suppressed these alterations in protein expression levels. NOd2 is upregulated in HG-induced primary cardiomyocytes and CFs. Suppression of NOD2 attenuated HG-induced cardiomyocyte apoptosis and proliferation of CFs. Overall, NOD2 silencing alleviated myocardial apoptosis and fibrosis in diabetic mice. The results of the present study demonstrated an understanding of the role of NOd2 in diabetes-induced cardiomyopathy, which provides a novel target and therapies for the prevention and treatment of DCM.
Introduction
Diabetes mellitus is associated with increased risk of heart attack, called diabetic cardiomyopathy (DCM). This condition is one of the leading causes of mortality with common cardiovascular complications (1) . DCM alters the diastolic and systolic cardiac functions, resulting in myocardial ischemia and heart failure (2, 3) . It is characterized by myocardial dysfunction, myocardial cell apoptosis and myocardial fibrosis, resulting from blood glucose metabolic abnormalities (4, 5) . It is reported that high glucose (HG) can induce the expression of inflammatory cytokines and promote myocardial cell apoptosis, suggesting that cell apoptosis is closely associated with cardiovascular disease (6) . Accumulating evidence has implicated oxidative stress and inflammation induced-apoptosis as contributors to the onset and development of DCM (7) (8) (9) .
cardiomyocyte apoptosis is a main factor in the pathology of dcM, which causes the loss of myocardial contractile cells, aggravates myocardial injury, accelerates the occurrence of cardiac dysfunction and ultimately may lead to heart failure (10, 11) . Another important pathological feature of DCM is hyperglycemia-induced excess production of the extracellular matrix (ECM), including collagen types I and III, which are involved in cardiac remodeling and fibrosis (12) . In vitro, transforming growth factor-β (TGF-β1) plays a critical role in alteration of the cardiac structure and function by differentiation of cardiac fibroblasts (CFs) and ECM deposition (13) . In particular, activation and proliferation of cFs plays an important role in myocardial fibrosis (14) . Hyperglycemia induces inflammation-associated cytokine expression, such as interleukin (IL)-1, tumor necrosis factor-α (TNF-α) and TGF-β1, which participate in the development and progression of myocardial fibrosis (15, 16) .
Nucleotide oligomerization domain (NOD)-like receptors are a newly discovered set of pattern-recognition receptors. NOD2 as one of the members of the NOD-like receptor family have been demonstrated to activate transcription factors by mediating production of inflammatory cytokines (17, 18) . The association of NOd2 with the mechanism of diabetic nephropathy, atherosclerosis, myocardial reperfusion injury and diabetes mellitus has been revealed in clinical and animal models (19) (20) (21) (22) (23) The present study focused on the underlying mechanism of NOd2 in dcM, and demonstrated the effect of NOd2 silencing on HG-induced apoptosis and fibrosis, as well as on apoptosis and fibrosis-related proteins in a DCM model of mice. To further investigate the association between NOD2 and apoptosis or fibrosis-related proteins in cardiomyocytes and fibroblasts, NOD2 knockdown experiments were performed.
Materials and methods
Animal experiments and RNA interference. 8-9 week-old male c57BL/6 mice (n=40), (weighing 22-35 g) and 7-8 week-old timed pregnant c57BL/6 mice (n=10, mated with syngeneic males) were purchased from Experimental Animal Center of Shandong University (Jinan, China). Mice were maintained at a temperature of 22˚C and a 55% humidity controlled environment on a 12 h light-dark cycle with free access to food and water. All experimental protocols were approved by the Institutional Animal care and Use committee of Shandong University. All surgeries were performed under sodium pentobarbital anesthesia.
The diabetes model was established by intraperitoneal injection of STZ (Sigma Aldrich; Merck KGaA, Darmstadt, Germany) dissolved in 0.1 ml citrate buffer (pH 4.5) intraperitoneally (i.p.) at 90 mg/kg per mouse for 6 consecutive days. Control mice were injected using equal parts of citrate buffer. After 1 week, the blood was obtained from the tail vein, and random glucose levels were measured by glucometer (Accu-chek Advantage; Roche Diagnostics GmbH, Mannheim, Germany). Diabetes was determined as blood glucose >16.7 mmol/l (normally 11.1 mmol/l). Following the induction of diabetes for 12 weeks, mice were randomly divided into 4 groups: control (n=8); diabetes model (n=8); NOd2 short hairpin (sh)RNA mice (n=8) injected with 1x10 7 UT/30 µl pLV-NOD2 shRNA (Shanghai Jikai Biological Technology Co., Ltd., Shanghai, China) in various sites of the left ventricle; shRNA negative control (Nc) (n=8), mice were injected with 1x10 7 UT/30 µl lenti-vehicle in various sites of the left ventricle. 293T cells were used as an interim cell line to generate the packaged lentivirus. After 72 h, levels of NOD2 expression were detected in tissues to assess efficiency of RNA interference in mice. Then, after 4 weeks, clinical examination was performed in these groups, and mice were sacrificed to obtain mouse blood and heart tissue for the following experiments.
Cell culture and treatment. The primary cardiomyocytes and primary cFs were isolated from the ventricular tissues of neonatal mice (<3 d old) from pregnant c57BL/6 mice. cells were seeded and incubated in dulbecco's modified Eagle's medium (DMEM; Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA) supplemented with 10% fetal bovine serum (FBS; Gibco; Thermo Fisher Scientific, Inc.), 2 mM glutamine (Shanghai Biological Engineering Co., Ltd., Shanghai, China) and antibiotics (100 U/ml penicillin and 100 ug/ml streptomycin; Gibco; Thermo Fisher Scientific, Inc.), incubated at 37˚C in a humidified incubator containing 5% CO 2 and 95% air. Cells were identified using α-sarcomeric actin and FSP-1 stain to confirm that >90% of cells were cardiomyocytes and CFs, respectively. Cultured cell populations reached 60% confluence, and were treated in the presence or absence of HG (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) (25) Cell transfection. Small interfering RNA (siRNA) against NOd2 and Nc siRNA were purchased from Ruibo Biotechnology Co., Ltd. (Guangzhou, China). The sequences used were as follows: Sense, 5'-AGA GAA AUU cUU UGA ATT-3', anti-sense 5'-UUc AAA GUU GAA UUU cUc UTG-3' for NOd2, and sense, 5'-UUc Ucc GGA AcG UGU cAc GUT T-3', anti-sense 5'-AcG UGA cAc GUU cGG AGA ATT-3' for negative control sequence. The siRNAs were diluted with OPTI-MEM medium to achieve a final concentration of 100 nM. The cells were transfected with siRNA using Lipofectamine ® 2000 for 48 h, (Invitrogen; Thermo Fisher Scientific, Inc.) according to the manufacturer's protocol. Then, cells were stimulated with 20 mM HG for 48 h to be used for further experiments. Experiments were repeated three times.
Hemodynamic evaluation. Mice were anaesthetized with 10% sodium pentobarbital (40 mg/kg), and the common carotid artery of mice was separated away, then a plastic catheter containing 1% liquemine was inserted into the left ventricles from the right common carotid artery. The left ventricular end-diastolic pressure (LVEDP), left ventricular systolic pressure (LVSP), maximum rates of increased and decreased left ventricular pressure (± dP/dt max) were determined by the multimedia biological signal acquisition and analysis system (BD Biosciences, Franklin Lakes, NJ, USA).
Histology and immunohistochemistry.
The heart tissues separated from the experimental groups of mice were fixed with 4% paraformaldehyde for 24 h at room temperature, embedded in paraffin using a paraffin embedding machine and sectioned (5 µm thick). The sections were then deparaffinized, then rehydrated with graded ethanol at room temperature, and stained using hematoxylin for 3-5 min and eosin for 1-2 min (H&E) and Masson's staining (Sigma-Aldrich; Merck KGaA) at room temperature in accordance with the manufacturer's protocol. For TUNEL staining of tissue, the sections were stained with a terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) kit (Boster Bioengineering Company, Wuhan, China) according to the manufacturer's protocol. 3.3 diaminobenzidine (DAB, Vector Laboratories, Inc., Burlingame, CA, USA) was used as the chromogenic substrate. Sections were then counterstained with 10% haematoxylin for 1 min (ProSciTech, Thuringowa, Australia). Immunostaining pictures were captured under a light microscope (Olympus BX51; Olympus Corporation, Tokyo, Japan).
TUNEL staining. Primary cardiomyocytes were transfected with NOd2 siRNA and siRNA Nc, then stimulated with 20 mM HG for 48 h. Cells were stained using fluorescein isothiocyanate (FITc)-labeled TUNEL for 1 h at 37˚c following the protocol of the TUNEL fluorescent kit (Beyotime Institute of Biotechnology, Haimen, China). The TUNEL-positive cells were imaged under a laser scanning confocal microscope (Olympus corporation) and five fields in each image were quantified (the number of green spots in each photograph).
ELISA. Angiontensin (Ang) II (Enzo Biochem, Inc., New York, NY, USA), cTn I and CK-MB (R&D Systems, Minneapolis, MN, USA) in serum of mice, or TNF-α (cat. no. MTA00B), IL-1β (cat. no. MLB00C) and IL-6 (cat. no. DY406-05; R&D Systems, Minneapolis, MN, USA) levels in the supernatants of cardiomyocytes were measured by ELISA kits following the manufacturer's protocol.
Assessment of cell proliferation. Proliferation of HG and NOD2 siRNA-treated cFs was evaluated using the cell counting Kit-8 (CCK-8; MultiSciences Biotechnology, Zhejiang, China) according to the manufacturer's protocol. Briefly, CFs were seeded onto 96-well plates for 12, 24, 36, 48 and 72 h, then optical density (Od) was read at a wavelength of 450 nm with an automated microplate reader (Bio-Rad Laboratories, Inc., Hercules, CA, USA).
RNA extraction and reverse transcription-quantitative polymerase chain reaction (RT-qPCR).
Total RNA was extracted from mouse cardiomyocytes and cFs using TRIzol ® reagent (Invitrogen; Thermo Fisher Scientific, Inc.). Total RNA (1 µg) was transcribed to cDNA with PrimeScript RT reagent kit (Takara Bio, Inc., Otsu, Japan) at 37˚C, 15 min and 85˚C, 5 sec. The sequences for primers were as follows: Forward, 5'-Gcc TTc cTT cTA cAG cAc GT-3'; and reverse, 5'-TGG cAG GGc TcT TcT GcA AG-3 for NOd2; forward, 5'-GAA TTG cTA TGT GTc TGG GT-3'; and reverse, 5'-cAT cTT cAA Acc Tcc ATG ATG-3' for β-actin. The expression level of genes of interest was quantified using 20 µl reaction mixture containing 1 µg cDNA, 0.2 mmol/l of each primer and SYBR-Green (BioRad laboratories, Inc.) in 96-well plates in a LightCycler rapid thermal cycler system (MJ Research PTC-2000, MJ Research, Waltham, MA, USA). RT-qPCR amplification conditions were as follows: 95˚C for 10 min, 40 cycles at 95˚C for 10 sec and 60˚C for 45 sec, and relative expression of genes were analyzed by the 2 -∆∆cq (24) calculation method and standardized against the housekeeping gene β-actin.
Western blotting. Protein was extracted from the heart tissues and cells using a protein extraction kit (BC3710; Beijing Solarbio Science & Technology Co., Ltd Solarbio, Beijing, china) and protein concentration was quantified using a BCA assay (Thermo Fisher Scientific, Inc.) according to the manufacturer's protocol. Protein (20 µg) was separated by 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and transferred onto a nitrocellulose membrane (EMD Millipore). Following blocking with 5% nonfat milk in Tris buffered saline Tween-20, the blots were incubated with primary antibodies: Anti-NOd2 (1:500; sc-30080; Santa Cruz Biotechnology, Inc., Dallas, TX, USA), anti-collagen I (1:1,000; ab34710; Abcam, cambridge, MA, USA), anti-collagen III (1:1,000; ab7778; Abcam), anti-TGF-β (1:1,000; ab31013; Abcam) and GAPDH (1:5,000; sc-25778; Santa Cruz Biotechnology, Inc.) overnight at 4˚C. Then, the membranes were incubated with horseradish peroxidase-conjugated rabbit secondary antibodies (1:2,000; K5007; Dako, Agilent Technologies, Inc., Santa Clara, CA, USA) for 1 h at room temperature. The protein bands were visualized using the SuperSignal chemiluminescent detection module (34080; Pierce, Thermo Fisher Scientific, Inc.) and images were collected using a Tanon-5200 imaging system (Tanon Science and Technology Co., Ltd., Shanghai, China).
Statistical analysis. All statistical analysis was conducted using SPSS software, version 18.0 (SPSS, Inc., Chicago, IL, USA). One-way analysis of variance followed by the SNK or dunnet's t test was used to evaluate the significance of differences in the data. The experiments were repeated three times and data are presented as the mean ± standard error of the mean. P<0.05 was considered to indicate a statistically significant difference.
Results

NOD2 inhibition ameliorates diabetes-induced myocardial apoptosis and fibrosis.
To ascertain whether NOd2 plays a role in myocardial apoptosis and fibrosis associated with diabetes, the present study investigated the effect of NOd2 gene silencing in diabetic mice. STZ induced rapid hyperglycemia in mice compared with control at 1 week following injection. After the injection of NOd2 shRNA in diabetic mice (72 h), NOd2 shRNA treatment downregulated myocardial NOd2 protein levels compared with vehicle treatment ( Fig. 1; P<0 .01), which demonstrated that NOd2 shRNA lentivectors were successfully introduced into the mice. The hemodynamic indexes were first compared among the 4 groups at the end of the study. As compared with control group, the DCM model group exhibited a significant increase in LVEDP level ( Fig. 2A; P<0.01) , however the LVSP and ± dP/dt max levels were markedly decreased ( Fig. 2B-D; P<0.01). In diabetic mice, LVEDP level was markedly reduced in NOd2 shRNA treatment group compared with shRNA NC group ( Fig. 2A; P<0 .05). However, NOD2 shRNA treatment upregulated LVSP, +dP/dt max and -dP/dt max levels compared with shRNA NC group ( Fig. 2B-D; P<0.05) . In addition, the data of the myocardial injury biomarkers revealed that cTn I, CK-MB and Ang II in serum from DCM model were significantly increased compared with control group. However, NOD2 gene elimination markedly reduced the levels of these factors in diabetic mice, compared with the effect exhibited by the shRNA NC treatment group ( Fig. 2E-G; P<0.05 ). Heart tissues were isolated from the experimental mice, and different staining methods were used to detect the effect of NOD2 shRNA on pathological changes in diabetic mice. As presented in Fig. 2H , The pathological changes by H&E stain in control group showed that myocardial cells were orderly arranged and the nuclei were homogeneous. However, in the DCM group, the myocardium exhibited a disordered arrangement, the nucleus was not uniform and part of myocardial fiber was fractured. The NOD2 shRNA treatment lessened injury of heart tissue in diabetic mice. Masson's staining of heart sections revealed more EcM in the interstitial regions of the dcM group than myocardium of control group, and apoptosis in cardiac tissue was assayed using TUNEL staining. Quantitative analysis of Masson's staining revealed a significant increase in collagen deposition of DCM mice compared with control ( Fig. 2I; P<0 .01). However, NOD2 shRNA treatment ameliorated collagen deposition ( Fig. 2I ; P<0.05 vs. shRNA NC). Quantitative analysis of TUNEL stain revealed an increased number of TUNEL-positive cells in the DCM group ( Fig. 2J; P<0 .01 vs. control group). Compared to the vehicle treatment group, NOD2 silencing weakened cell apoptosis ( Fig. 2J; P<0 .01 vs. shRNA NC group).
Furthermore, in line with alteration of collagen deposition and apoptosis detection in immunostaining, collagen I, collagen III, TGF-β1 ( Fig. 3A; P<0.01), and apoptosis-related proteins caspase-3 and B cell lymphoma (Bcl)-2 associated X, apoptosis regulator (Bax) expression levels were significantly increased in the dcM group, as demonstrated by western blotting, but the expression of these proteins was attenuated in diabetic mice with NOd2 shRNA treatment, compared with vehicle-treated mice. Suppression of NOD2 significantly upregulated Bcl-2 expression, and downregulated NOD2 expression in diabetic mice (Figs. 3A and 2B; P<0.01).
NOD2 is upregulated in HG-induced primary cardiomyocytes and CFs.
Immunofluorescence staining was performed to identify primary cardiomyocytes and CFs. The results demonstrated that staining of α-sarcomeric actin and FSP-1 were positive (Fig. 4) , reflecting the isolated cells were primary cardiomyocytes and CFs. The expression of NOD2 mRNA and protein in primary cells exposed to glucose for 48 h was further detected by RT-qPCR and western blotting. The results revealed that NOd2 levels in primary cardiomyocytes were significantly increased at concentrations of 15, 20 and 25 mM glucose ( Fig. 4B and C; P<0 .05 vs. control group). Similarly, NOd2 level in cFs was enhanced at concentrations of 15, 20 and 25 mM glucose treatment ( Fig. 4E and F; P<0 .01 vs. control group).
Suppressing NOD2 attenuates inflammatory factor expression and apoptosis in cardiomyocytes.
Myocardial cell apoptosis and myocardial fibrosis are the primary pathological changes in diabetic cardiomyopathy (5) . Given this, the present study explored the effect of NOD2 silencing on cardiomyocyte apoptosis following 20 mM HG treatment for 48 h. The interference efficiency of NOd2 using siRNA in primary cardiomyocytes was evaluated by western blotting. The result revealed that treatment with NOD2 siRNA had a marked inhibition on NOD2 protein expression ( Fig. 5A; P<0 .01), reflecting transfection efficiency of interfering RNA. It has been reported that cardiomyocyte apoptosis is associated with inflammatory factors (25) . Next, ELISA was used to assess the cytokine levels in different groups. As presented in Fig. 5B , the expression levels of TNF-α, IL-1β and IL-6 in HG-stimulated cardiomyocytes were significantly increased compared with control group (P<0.01). Furthermore, compared with the siRNA NC group, NOD2 silencing significantly suppressed TNF-α, IL-1β and IL-6 expression levels ( Fig. 5B; P<0.05 ). In addition, the present study detected the apoptosis of cardiomyocytes using a TUNEL assay. The results revealed that there were more TUNEL-positive cells in HG treatment group compared with control group (Fig. 5C; P<0 .01). The NOD2 siRNA group revealed decreased green fluorescence compared with the siRNA NC group (Fig. 5C ; P<0.01), indicating that knockdown of NOD2 inhibited HG-induced cardiomyocyte apoptosis.
NOD2 silencing suppresses cell proliferation and myocardial fibrosis. Next, the present study detected the effect of NOD2 silencing on fibrosis of CFs with 48 h HG incubation in vitro. As presented in Fig. 6A , the proliferation of CFs was significantly increased in the HG-treated group compared with control group, as detected by CCK-8 assay (P<0.01). However, compared to siRNA Nc group, the cell proliferation in NOD2 siRNA group was significantly decreased ( Fig. 6A ; P<0.05). In addition, the results of western blotting revealed that the expression of NOD2, collagen I, collagen III, TGF-β, Caspase-3 and Bax proteins were upregulated in HG group compared with control group, whereas as compared with siRNA NC group, the expression levels of these proteins in the NOD2 siRNA group were downregulated. Conversely, Bcl-2 expression levels exhibited the opposite trends. The aforementioned results suggested that NOd2 silencing suppressed collagen production in HG-induced cFs and decreased myocardial cell apoptosis ( Fig. 6B and C; P<0 .01).
Discussion
dcM is associated with diabetes-induced changes in cardiac structure and function, and is a disorder characterized by consistent diastolic dysfunction and increased ventricular mass (22, 26) . DCM is closely associated with high incidence and high mortality rates of heart failure in diabetic patients (27) . The possible mechanisms for the development of dcM are myocardial metabolic disorders and myocardial fibrosis, inflammation, myocardial apoptosis and autophagy, resulting in left ventricular hypertrophy, diastolic and systolic dysfunction, which ultimately form congestive heart failure (18, (28) (29) (30) . dcM results from a variety of mechanisms and signaling pathways in myocardial cells in the high glucose state (31, 32) .
The present study revealed that in the dcM model, LVEDP was significantly increased compared with control, but the LVSP, +dP/dt max and -dP/dt max levels were markedly decreased. However, NOD2 shRNA treatment reversed these results. In addition, the results for pathological changes in diabetic mice revealed that collagen deposition in dcM mice was significantly increased compared with control. However, NOd2 silencing ameliorated collagen deposition in the heart tissue of diabetic mice. Furthermore, TUNEL staining indicated that the dcM group had an increased number of TUNEL-positive cells compared with control group, and NOD2 silencing weakened cell apoptosis. Expression levels of collagen I, collagen III and TGF-β1 proteins were significantly increased in the dcM group compared with control, but the expression of these proteins in NOD2 shRNA treated mice were lower compared with in vehicle-treated mice. These findings suggested that NOD2 silencing ameliorated diabetes-induced myocardial apoptosis and fibrosis.
The NOD-like receptor family is composed of more than 20 members, each of which consist of three distinct domains. Of these, the N-terminal effect domains include caspase recruitment region, pyrin region or apoptotic repeat, and the most representative is NOD2 (33, 34) . It has previously been demonstrated that NOd2 is a class of endogenous substance subjected to high blood sugar, high blood lipids, oxidants and inflammatory cell infiltration, leading to persistent tissue injury in the inflammatory state (35) . It is reported that NOD2 promotes the expression of nuclear factor-κB, TNF-α, IL-1β and other inflammatory factors (20) . Knockdown of NOD2 results in reduced renal damage compared with wild type C57BL/6 mice (36). In HG-induced cardiomyocytes cells, it was demonstrated that TNF-α, IL-1β and IL-6 levels in HG-stimulated cardiomyocytes were significantly increased compared with in the control group. However, NOD2 silencing suppressed TNF-α, IL-1β and IL-6 expression and inhibited cell apoptosis. These data indicated that knockdown of NOD2 inhibited HG-induced inflammatory factor expression and cardiomyocyte apoptosis.
Activation of fibroblasts leads to myocardium fibrosis (37) . TGF-β, a class of complex growth factor, has five subunits β1-β5, and TGF-β1 is a major regulator in the mechanism of myocardial fibrosis and affects the synthesis of collagen fibers through a series of cascade reactions (38) . In the established dcM mouse model, NOd2, collagen I, collagen III and TGF-β protein expression levels were significantly increased. However, NOD2 silencing reduced NOD2, collagen I, collagen III and TGF-β protein expression. In addition, the proliferation of CFs was significantly increased in HG-treated cells compared with the normal group, but compared with the siRNA Nc group, the cell proliferation in the NOD2 siRNA group was significantly decreased. These results suggested that NOd2 silencing inhibited cell proliferation and myocardial fibrosis.
In conclusion, the present study investigated the role and mechanism of the NOD-like receptor NOD2 in the pathogenesis of DCM. The results provide direct evidence that NOd2 plays a role in the process of hyperglycemia-induced cardiomyocyte apoptosis and cardiac fibrosis. A novel effective target NOd2 for the prevention and treatment of dcM has been screened, which has an important theoretical significance and potential value for clinical application. # P<0.05, ## P<0.05 vs. siRNA NC group. NOD2, nucleotide-binding oligomerization domain 2; si, small interfering; Nc, negative control; HG, high glucose; TGF-β, transforming growth factor-β; Bcl-2, B cell lymphoma 2; Bax, Bcl-2 associated X, apoptosis regulator; OD, optical density.
